Comparison of seismic velocities in mantle minerals, under mantle conditions, with seismic data is a first step toward constraining mantle chemistry. The calculation, however, is uncertain due to lack of data on certain physical properties. "Global" systematics have not proved very useful in estimating these properties, particularly for the shear parameters. A new approach to elasticity estimation is used in this study to produce estimates of unknown quantities, primarily pressure and temperature derivatives of elastic moduli, from the structural and chemical trends evident in the large amount of elasticity data now available. These trends suggest that the derivatives of unmeasured high-pressure phases can be estimated from "analogous" low-pressure phases. Using these predictions and the best available measurements, seismic velocities are computed along high-temperature ariabats for a set of mantle minerals using third-order finite strain theory. The calculation of density and moduli at high temperature, to initiate the ariabat, must be done with care since parameters such as thermal expansion are not independent of temperature. Both compressional and shear seismic profiles are well-matched by a mineralogy dominated by clinopyroxene and garnet and with an elivine content of approximately 40% by volume. Between 670 and 1000 km, perovskite alone provides a good fit to the seismic velocities. Combining seismic velocities with recent phase equilibria data for a hypothetical pure elivine mantle suggests that a mineralogy with a maximum of 35% elivine {shear profile) or 40-53% elivine {compressional profile) by volume can satisfy the constraint imposed by the 400-km discontinuity. Other features of the upper mantle can then be matched by appropriate combinations of pyroxenes, garnets, and their high-pressure equivalents. While mantle models with a substantially larger fraction of elivine cannot be ruled out, they are acceptable only if the derivatives of the spinel phases are substantially different from elivine and deviate from trends in the larger data set.
INTRODUCTION
The mantle represents 68% of the mass of the Earth.
The chemistry of this region, if known, would represent a major constraint on the current structural, compositional, thermal, and dynamical state of the planet and its evolution to the present state. Despite a large volume of work on the subject, the chemistry of the mantle has not been unambiguously resolved. This paper will focus on the upper mantle (above 670 km) and attempt to evaluate the state of upper mantle mineralogy, primarily from the point of view of elasticity data and equations of state.
Seismic profiles yield detailed information about elastic prcperties that may be compared to laboratory measured properties. The primary limitation of this approach is that many of the elastic properties required for such a comparison have not been measured. In particular, pressure and temperature derivatives of elastic moduli for many high-pressure phases are unknown. In view of the difficulty associated with synthesizing large single crystals of these phases, these properties are likely to remain unknown for some time to come. To date, most investigators have estimated the unknown properties without adopting any systematic scheme for doing so, and their conclusions about the composition of the transition zone are difficult to justify.
perature. The results will be compared to other schemes to ascertain the importance of the method of computation. We point out the importance of taking into account the temperature dependence of the thermal expansion.
In assessing the implications of our work on the mineralogy of the upper mantle, we will stop short of a complete petrological inversion since our purpose is to focus on the role of elasticity data in constraining mantle mineralogy. Constraints may still be obtained by restricting consideration to the olivine system [e.g., Ariderror% 1967; WooJ, 1987] . This is a useful approach because the availability of high-quality phase equilibria data on this sytem allows the properties of a hypothetical pure olivine mantle to be readily calculated. The amount of olivine is the most critical difference between competing petrological models and can be determined from transition zone gradients and the parameters of the 400-km discontinuity as well as from absolute velocities. Furthermore, this approach allows us to make use of our new systematics and compare the results to other studies which have used different estimates and methods. In this way, we hope to identify those parameters which are most critical in distinguishing petrological models.
ELASTICITY

DATA SET
The measured or estimated elastic properties for a set of mantle minerals are compiled in Table 1 Ks/G ratio of the constituent oxides, giving (Ks/G)n [Anderson, 1986] . The coordination of the oxides must be taken into account in this method which necessitates the derivation of a set of tictire Ks/G ratios from the existing elasticity database. For garnets this procedure reduces the variabili• in Ks/G from 25% to 15% and yields the result The estimated shear modulus of Mg-majorite by this procedure is 104 GPa, in good agreement with Weldnet et al. [1987] . The shear moduli of Ca-and Na-majorite shown in Table 1 The procedure for obtaining the estimates of Ks' in Table 1 depended on the type of existing data that could be applied to a given mineral. For some materials, static compression studies provide the only available estimates of KT '. However, error bars on these kinds of measurements are quite large. Therefore we examined the predictions of the three methods discussed above and adjt•sted the measured value, within its error bars, until consistency with all available information is attained. In most cases, the required adjustments are small or zero.
For the remaining unmeasured materials there are usually derivative data for some analogue compound. In these cases we take the analogue value and adjust it in accordance with the trends noted above. Again, with a few exceptions the adjustments are very small, of the order of 0.1-0.3. It becomes important in this scheme to identify the proper analogue for a given material. For example, A1203 is held to be a good analogue for MgSiO3 ilmenite in that the ions WMg and VZsi can readily substitute for VZA12 and they have similar ionic radii and bulk moduli. 
The extrinsic term {M}T, can be computed from known or previously estimated quantities (equation (7) With the information available in Table 1 , seismic velocities can be computed in these minerals as a function of temperature and pressure. The procedure is first to correct for the effect of temperature by calculating the properties at the foot of an appropriate adiabat. The properties are then extrapolated adiabatically to depth using finite strain theory.
The first step in this process is the calculation of hightemperature densities using volume expansion data. Expansion coefficients are temperature dependent and must be extrapolated beyond the upper limit of the experimental data (generally 700 ø-1000øC). This was accomplished us- Volume-temperature data were fit to equation (8) 
RESULTS
In this section we use the data of seismology and mineral physics to test the hypothesis that the mantle is chemically homogeneous. The qualitative agreement between the locations and properties of the major seismic discontinuities and those expected in an oilvine-rich mantle suggests that the discontinuities are due to phase changes [e.g., Anderson, 1967 Anderson, , 1970 . It has been the prevailing view for 20 years that all mantle discontinuities are equilibrium phase changes in a homogeneous mantle. Since phase changes are the first-order effects and will occur regardless of whether the mantle is homogeneous or not, it is difficult to determine if the chemistry, as well as the mineralogy, changes across the mantle discontinuities. In previous sections we have attempted to assemble a self-consistent set of physical parameters of all the important mantle phases. The temperature and pressure derivatives and the rigidity and bulk modulus derivatives cannot be picked independently as has been the case in the past [e.g., Weldnet, 1986; Bina and Wood, 1987]. The resulting parameters included a dG/dP for/3 and 3 that is spinellike but a dG/dT that is olivinelike, giving relations between these derivatives which are neither spinellike or olivinelike or, for that matter like any other relevant compound. Similarly, Bina and Wood pick temperature derivatives for the spinel phases which are not only abnormally high but also are anomalous, relative to any other compound when compared with the pressure derivatives [Anderson, 1988] . We suggest that the various Figure 6 are Earth models GCA [Walck, 1984] and CJF [Walck, 1985] , while models TNA and SNA [Grand and Helmberger, 1984] At greater depth, majorire or ilmenite transforms to perovskite over a large pressure interval. In addition, q-spinel dissociates into perovskite and magnesiowiistite. These transformations may explain the seismic structure around 670 km. In addition, a change in chemistry may also occur at this depth.
Using these basic phase equilibria as a guide, we can obtain estimates for the mineral proportions of the upper mantle by solving a series of linear equations at selected depths. The result, using the data of Figures 6 and 7, is that good agreement for both compressional and shear properties can be obtained from a starting low-pressure mineralogy of 40% olivine, 37% clinopyroxene, 13% garnet, and 10% orthopyroxene. The agreement deteriorates as more olivine is added to the mineralogy, particularly with regard to shear properties. This conclusion holds regardless of the depth or the adiabat initiation temperature. As we mentioned before, the shallow mantle can be much more olivine-rich. If so, the shallow mantle must differ in composition from the transition region as well as from the lower mantle.
AN OLIVINE MANTLE
Additional constraints on suitable petrological models can be obtained by considering the seismic behavior of a hypothetical pure olivine mantle. Seismic velocities were calculated as described above. Phase equilibria data formations such as orthopyroxene-majorite are occurring near the 400-km discontinuity and will add to the velocity increase.
The transition zone gradient for the seismic profiles is 30-500/6 greater than for an olivine mantle. For a chemically homogeneous transition zone it is required that other phase transitions must be occurring in this region. Ca-and Na-rich clinopyroxenes undergo a broad transition to the majorite structure in this region. On the basis of elasticity systematics for temperature and pressure derivatives we conclude that mineralogies with a maximum olivine content of about 35-53% produce the best agreement with the seismic profiles. Compressional velocity profiles seem to allow about 10% more olivine than shear profiles, and the reason for this difference needs to be more fully investigated. Both compressional and shear seismic profiles are well matched by mineralogies containing about 40% olivine and a substantial amount of Ca-rich and, possibly, Na-rich clinopyroxenes.
DISCUSSION
The results obtained here disagree with a number of recent studies which have supported an oilvine-rich model for the upper mantle [Weldnet, 1986; lrffune, 1987; Bina and Wood, 1987] . The primary cause of the disagreement rests in the values used for the derivatives of spinel phases and differences in the equations of state used. Table 3 compares the elastic properties used for the a, fi, and '7 phases in this and other recent studies. In studies supporting a mineralogy with 60-70% olivine the derivatives of the spinel phases are chosen such that sound speeds, particularly shear velocity, in spinel and olivine converge at high pressure and temperature. This is accomplished either through very high temperature derivatives for the spinels [Bina and Wood, 1987] or very low pressure derivatives [Weidner, 1986; lrifune, 1987] . If the derivatives of the spine] phases are chosen to be similar to olivine, a relatively olivine-poor mineralogy best matches the seismic profiles.
The elastic properties of A12MgO4-spinel are also given in Table 3 Low measured pressure derivatives for ahminate spinels have been used as justification for low' pressure derivatives for silicate spinels. However, it was shown above that aluminate spinels are poor analogues for silicate spineIs. Aluminate and silicate spinels do not even satisfy the same systematics for the first-order elastic constants. Furthermore, measured compressional and shear wave velocities in silicate spinels do not converge at high pressure [Fujisawa, 1987] . By combining these properties with appropriate temperature corrections and finite strain theory, mineral velocities as a function of depth were obtained. Both compressional and shear velocities are well matched by a mineralogy consisting of 40% olivine, 37% clinopyroxene, 13% garnet, and 10% orthopyroxene. For comparison, pyrolite is approximately 61% olivine, 15% orthopyroxene, 14% garnet, and 10% clinopyroxene. Alternatively, the mantle above 400 km can be olivine-and orthopyroxene-rich, and the transition region can be poorer in these minerals. The properties of a pure olivine mantle were also considered. The discontinuity at 400 km is matched by a mineralogy with a maximum of 35% olivine for shear waves and 40-53% olivine for compressional waves. The transition zone gradient is poorly matched by an olivine mantle.
Previous studies which Mlow lsrger proportions of olivine differ from this study in the form of the equstion of stste snd in the shesr derivstives of the spinel phases. The derivstives sdopted in these studies sre difficult to justify bssed on snslogue dsts snd the trends exhibited in the full dsts set. By deriving snd using s self-consistent set of psrsmeters we conclude thst s minerslogy with sbout 40% olivine snd relstivel¾ gsrnet-snd clinopyroxene-rich best mstches the seismic profiles. Due to uncertsinties in elssticity estimstes, equstions of stste, snd seismic profiles, however, s msntle with either more or less olivine csnnot be ruled out st present.
